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Solutions for Minimum Required Forward Link Channel
Powers in CDMA Cellular and PCS Systems

Jhong Sam Lee and Leonard E. Miller

Abstract: New solutions are given for the minimum required
transmitter powers for CDMA cellular or PCS systems for all
categories of the forward link channels, namely pilot, sync,
paging, and traffic channels. Any excess power over that re-
quired for the specified error performance of any channel cat-
egory always reduces the user capacity, so it is necessary to
know the minimum required power levels for all of the for-
ward link channels. We show the solutions for the forward
link channel powers by including fade margins to improve link
reliability in lognormal shadowing. The amount of margin
required to achieve a given reliability is calculated. We de-
rive system capacity expressions as functions of link margins
for specified reliability requirements and the corresponding
minimum transmitter power levels. Example solutions are
also presented in graphical forms for typical realistic opera-
tional parameters, to illustrate the use of the solution formu-
las. These solutions can be applied to maximize the capacity
of a particular CDMA cellular or PCS system under different
parametric situations.

Index Terms:
ity.

CDMA, power control, forward link, reliabil-

I. INTRODUCTION

The signal received by a mobile user on the forward link of a

previous studies [3]—-[6] considered only the traffic channels and
ignored the signaling channels. It is well known that the allo-
cations of the necessary (minimum) transmitter power to sig-
nals directed to individual mobile users are interdependent be-
cause the signals act as co-channel interference to each other,
and hence algorithms for power control must consider joint so-
lutions for the user signal powers. Frequent adjustments to the
powers are needed to adapt in real time to shadowing fluctua-
tions. Adaptive power control requires feedback, which is easily
incorporated into the full-duplex traffic channels but not usually
feasible for the one-to-many signaling channels.

It is known [1] that the propagation loss has a Gaussian dis-
tribution when expressed in dB units, given by

L (dB) = G (Lynea (dB) , 025)

— Lonea (dB) + 045G (0, 1), (1a)

where Gfi, 0%) denotes a Gaussian random variable with mean
wand variance?, L,,,.q (dB) denotes the median loss as a func-
tion of the distance from the base station, apgd is the standard
deviation of the loss in dB. For a Gaussian distribution, the mean
and median are identical. Thus the loss in dB has the probability
density function (pdf)

bLas) () = —— po (M>

0dB 0dB

cellular or PCS system is subject to level fluctuations due to fad- 2 (1b)
. . . LT 1 ( — Lineq (dB))

ing and shadowing. Fading refers to the change in signal level = ————exp{ — 552 .

that occurs as two or more signal multipath components, when TaBV 2T 9aB

present, constructively or destructively interfere, depending Qiiahso|yte units, the propagation loss is the random variable L
the relationship among their carrier phases that is a function afa, by

the mobile receiver's motion; the effects of fading are usually
characterized by a probability distribution for the received sig-
nal level, such as the Rayleigh distribution. Shadowing refers
to the variation in the signal level because the propagation loss
changes as natural and manmade obstacles affect the signal re-

ception differently in different mobile receiver locations; shac{l-vhen a Gaussian random variable is the exponent of any con-
owing is usually modeled as having a lognormal probability di%’nant, such as e an, the resulting random variable id@gnor-

tribution 1], [2] whose median 'S afunction of the link ‘?”Star?c%m random variable. Clearly, (1c) fits this description. This is
The effects of fading can be mitigated by the use of diversity fife basis for describing the loss as lognormal in the mobile en-

by increasing the transmitter power to ensure that the aver &nment. The odf of the lognormal random variable L in (1c)
received signal power is sufficient to achieve the desired link ef-

ror probability performance. The effects of shadowing can Egéglven by
countered by dynamic power control. 1 (ln :n)

For forward link power control schemes for cellular systems, P- (@) = Bz Pt 75

L = 10L(dB)/10

— 10[Lmed(dB)+a'dBG(071)]/10 (1C)

_ Lmed X loadBG(O,l)/lo‘
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-where3 £ (In 10) /10. The pdf of the normalized random vari-
ableV =L/Lyeq = 10745C8(0:1/10 i plotted in Fig. 1. Note
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o S I T where B (dBm) is the transmitter power in dBri,,, (dBm) is
50% f 50% the receiver noise power in dBm, and
15
s |, / \6d3=1 7 (SNR); 11oq 2 P (ABM) — Lyyeq (dB) — Ny, (dBm)  (2d)
5 , ] is the median received SNR. Let us define the link margin in dB
Oﬁjsiyfjfiz;;;iga;;> ; M; (dB) £ (SNR); .y = (SNR);..,  (2€)
LY TS — which is the amount by which the median received SNR exceeds
0 05 1 1.5 2 25 3 the required SNR. Substituting (2c) in (2a), we have

The random variable V= 10°a5%0."

j,med

Prel (]) = PI‘ {(SNR) - UdBG (0’ 1) > (SNR)j,T€Q}

Fig. 1. Probability density function of the normalized lognormal random

iable V f =1,2,3,5,6,8. SNR). ... — (SNR). .
e o 1 {01 < NPt~ (MR
B
. M, (dB
that the median value df is 10[Mmedianof G0,1)]/10 — 100 — 1, =1-Q (%) ,

Note also from Fig. 1 that the median of the normalized lognor-
mal random variable is alwayls regardless of the value of;5.
The median value of lognormal random variable is an importaghere Q) is the Gaussian Q-function:
parameter in the discussion of the propagation of forward link o 1 )
signals in the mobile channel. Q(z) & / ——exp {_y_} dy. (29)

In this paper, for the forward link of a CDMA cellular [7] or « V2T 2
PCS [8] system, on which the channels are orthogonally mefihys for the nonadaptive signaling channels and for imperfect
tiplexed using Walsh functions, we consider power allocatigfpwer control on the traffic channels, to achieve high link relia-
and control techniques not only for the traffic channels of agjiity in lognormal shadowing it is necessary to transmit powers,
tive users but also for the signaling channels that are broadGggh margin, that are higher than those needed to meet require-
continually and monitored by all users, whether active or NGhents without shadowing. In this paper, we consider multiple-
We assume that the system adaptively controls the forward ligkcess interference in the formulation of the link reliability for
power on individual traffic channels, based on measurement§@{yard links and will show that there are limits on the amount
signal quality reported to the base station on the reverse ligff.margin that can be used in a CDMA cellular system. The
as described in Section 7.6.4.1.1 of [7]. Based on this assUriRsrgins that are used below such limits, however, do provide

tion, we model a “forward link power control factor” and solveyfficiently high link reliability for most practical purposes.
explicitly for the required median values of power for each cat-

egory of forward link channel. We use these solutions to show

(2f)

inherent limitations on forward link capacity and the dynamic ~ !l. SOLUTION FOR CDMA FORWARD LINK
dependence of channel powers and power fractions on the num- CHANNEL POWERS
ber of active users. The forward link in the 1S-95 CDMA cellular system [7]fea-

Because the propagation loss is random, so also is the t{ges four different kinds of channel: (1) a continuously trans-
ceived SNR. The link reliability for thgth channel may be mitted CDMA pilot channel that provides a PN code reference;
defined as the probability that the actual signal power-to-noigg a continuously transmitted sync channel that provides base
power ratio, SNR, for the channel exceeds the requirement: station identification and a system timing reference; (3) up to

seven paging channels that inform mobiles of incoming calls and
Prei (j) =Pr {(SNR)]' > (SNR)j7,«eq} : (2a) other call-related information and instructions; and (4) traffic
channels over which digital voice and other data are transmitted
where during calls. These channels are transmitted by the base station
. . . , on the same PN code-modulated RF carrier using Walsh func-
J = 1(pilot), 2(sync).3(paging) 4 (traffic). (2b) tion orthogonal multiplexing. Because the forward link channels

Inthe absence of multiple-access interference, and ignoring nftEe simultaneously transmitted on the same carrier, they share

cellaneous link gains and losses, the received SNR in dB carl'BE POWer budget gain and loss parameters. However, the chan-
nel categories have different baseband data rates and different

written SNR requirements, and the base station transmits each type of
(SNR)]. channel at a different power level to meet those requirements.
=P, (dBm) — L (dB) — N,,, (dBm) _ The SNR requirementgor the pilot, sync, paging, an_d traf-
fic channels are expressed as a threshold for the received chan-
= P; (dBm) — [Lnea (dB) + 045G (0, 1)] — Ny, (dBM) nel & /No.r (E./No,r for the pilot channel), where s the
= (SNR)j,med - UdBG (0’ 1) ’

(ZC) LIn this paper, we use the term SNR and the energy per bit-to-noise density
ratio interchangeably for convenience.
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channel bit energyNo.r = Ao + Zo,r is the effective noise- B. Total Forward Link Transmitter Power
plus-interference spectral power densi, is the thermal noise ,.ing related the forward link interference power to the re-
spectral power density, arif} 7 is effective interference spec-

I densi 0 th q bandwi ived signal power, we now develop the details of this received
tral power density. Assuming the spread spectrum ban W"i‘%nal power. In doing so, we define a factor calledftevard

equ;tfls the_ chip rate; i.ely’ = R, the received channel, yatfic channel power control factodenoted Kear.
Ey/Nor is: At the base station transmitter, the total power delivered by
E, S: Ty, the power amplifier can be written as
_ J J
(NO,T>]- No+To.r Potal = P1 + P2 + N, P34+ KyatM s Py, (5)
__ S w (3a) Where
N + 17 Ry; P; = power for channel categoyy j=1, 2, 3, 4,
= S (PG), N, = number of active paging channels,
Nm + IT 7’

M = number of active traffic channels,
where as = forward link voice activity factor,

S; =received power for channel categgty Kiaf = forward link power control factor.

T,; =bit period for channel categoyy The traffic channel transmitter powey &sed in this formulation
is taken to be the power transmitted for a mobile user at the cell

Ry; = 1/T;; =bit rate for channel categorj ) . :
b [Tos gom edge. Note that in (5) the total traffic channel transmitted power

and the processing gain for channel categoisy is given by the term KM o P4. Although there aré/ active
traffic channels, the total power in these channels isiid?,
(PG, 2 K, j=1,2, 3, 4. (3b) because th_e (average) power for any channel is reduced by the
T Ry average voice activity factoryy < 1 [7]. In the same manner,

the factor Kt < 1 in (5) is a parameter that takes into account
the fact that most of the mobile users are not located at the cell
edge, and assumes adaptive forward link power control by the
base station.
] S If the forward link power for a particular traffic channel is
The total interference power on the forward litfl, is a com-  agjusted to deliver the required median value of power to the
ponent of the SNRs of all the channels and may be broken dowgpile’s location (and no more, to minimize interference), then
into same-cell interference poway. and other-cell interference it follows that the traffic channel power; r) transmitted for a
power/,.. mobile at a distance from the base station is inversely propor-
The forward link channels are transmitted orthogonally, anghna| to the propagation loss within the cell, and may be related

thus there is no same-cell multiple-access interference Whghne power transmitted for a mobile at the cell edge (i.e., at
there is no multipath. However, multipaths do exist in the Mgjistance- = R) by [9]

bile channel environment and, therefore, there is same-cell for- N
ward link interference. Let the received power from all channels Ps(r) =Py (R) - (—) . (6a)

in the absence of interference be denoted S; then, the same-cell . R ) ]
wherey is the propagation power law atitlis the cell radius. If

we assume that mobiles are equally likely to be at any distance
Iy = Ksamd, (4a) r from the base station between the values 0 andr = R (at
the edge), then a pdf for the distance of mobiles from the base
where Kame~ 1 for lack of specific information on multipathsstation can be written as the uniform distribution

Note that for the pilot channelPG), = 1 since the effective bit
rate equals the chip rate.

A. Interference Terms

interference can be written as a factor times S,

[9]. The forward link power received from other base stations 1
. o . . ! /R, 0<a<R,
at a particular mobile’s location acts as interference. This other- pr () = 0 otherwise (6b)
cell interference can also be written as a factor times S, ’ '
and the average traffic channel power is
Ioc = KOthelSa (4b) R
P, = P d
where Koher &~ 2.5 dB= 1.778 near the cell edge [8]. Note that * /0 +(@)pr (@) da
the factors Kameand Komner are defined by (4a) and (4b). R avy 1
The total forward link interference power is denofgd, and = / P4 (R) (E) ‘R do
we have o . (69)
=P4s(R 7d
IT = Isc + Ioc = (Ksame+ Kother) S = Kf87 (40) ‘ ( ) /0 v
1
where =P, (R) ——
(B

Ks £ Ksame+ Kother- (4d) =Py (R) ' Ktraf,
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where Table 1. Nominal parameter values.
Kiraf = L, Channel category Requirement pj (PG)I.
v+ o _ (6d) pilot =1 (3F,), >, -15dB  1(00B)
mobiles uniformly distributed over distance. synch = 2) (NE;T )2 > 6dB 1024(30dB)
Because the power law is commonly betwees 3 and~y = 4, pagingfi = 3) (N'?—T)% >ps  6dB 256 (24 dB)
a value of K on the order of).2 or 0.3 would be reasonable, traffic(j — 4) (Nil?T )4 > s 7dB 128 (21dB)

and Kyar = 0.5 would be a conservative value. If, instead of
being uniformly distributed irdistancefrom the base station,
the mobiles are uniformly distributed areawithin the sector,

then a pdf for the locations:, §) of mobiles within the sector is On the cell edge, in the absence of interferenceyig /1 (R).
Because the losses and gains are common to all the channels, the

2 received channel powers to be used in calculating the channel
pro (o, B) = { R?26,’ Osash 0<f<b, (7a) SNRsare
0, otherwise, =
S;=—1—, j=1,2,3,4. (8b)
wheref; is the sector angle. The average forward link traffic Lt (R)
channel power is D. Solution for Forward Link Powers
_ 0s R With the preceding background and definitions, we now can
Py = /0 /0 aPy(a)prg (@, B) dadf solve for the powers £, P», P;, and R that will satisfy the
R oy 9 constraints placed on the total transmitter power and the link
= / aPy(R) (—) - —5 da budget for each forward link channel. Our formulation for this
0 R R problem starts with the zero-margin case, then is extended to the
— P4 (R) ! 927+ d (7b) general case of nonzero margin. The zero-margin constraints are
- 0 the following:
2
=Py (R) ) m Potal = P1 + P2 + Np P3 + Kirat Mg Py < Prax, (9a)
= 134 (R) . Ktraf,
( Ep > _ (PG); S;
where Mo ; “ N, +1Ir (ob)
2 1 P
Kirat = —— = 7——, = (PG) P, > pj,
Y¥2 Iyt (7¢) NyuLt (R) + Kt Potal —

mobiles uniformly distributed over area.
A value of Kyas on the order of).3 or 0.4 would be reasonable a5 indicated in Table 1, along with nominal parametei values
for these assumptions, andd = 0.5 would still be a conser- for CDMA cellular and PCS systems. Note that the constraint
vative value. in (9b) is formulated for a mobile at the cell edge (distai®)e
Since the actual power for a particular traffic channel is assumed
to be dynamically controlled, (9b) in the casejof 4 pertains

We may define the forward link transmission losg &s the to the maximum value of fthat would be required, which might

net loss on the link. Generalizing that definition to include n@fe used as an initial value for a traffic channel’s power until the
only antenna gains but the other loss factors for the forward lirdystem’s power control mechanism begins to adjust it to the level

where the{p; }are the required values of th%(Eb/NU,T) }

C. Net Losses on the Forward Link

we can write appropriate for the actual distance of the mobile from the base
A L (’I") Ly - LtC station. . o - - -
Lr(r) £ — G .G (8a) If the inequality in (9b) is made an equality, it is clear that the
m e solution, if one exists, will be the minimum required value of
where the transmitted power,;Psince the partial derivative of the left
hand side of (9b) with respect tg B always positive. Itis pos-
L (r) =link propagation loss at distaneg sible that there is no joint solution for the transmitter powers that
L:m =mobile receiver losses (cable, etc.), satisfies both (9a) and (9b), which may be seen by considering
L =base station transmitter losses (cable, etc.), that(Eb/NOvT)j in (9b) has an upper bound given by
G,, =mobile antenna gain, (PG); P; (PG) P 0
G, =base station antenna gain. NpL7 (R) + Kf Potal Ki  Potal

Given the total power delivered by the base station transmitteéFhis bound is approached when R > N,,L7 (R), a con-
power amplifier, the received power at the location of a mobithtion that may not satisfy (9a). Or, due to a high number of
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mobile users, the bound may be less thafor somej, thereby e L N A B B T
guaranteeing that (9b) is not satisfied. [ M(dB) = 0 (No receiver margin) i
Assuming that the power limitation (9a) is satisfied, as it i i
should be in practice due to the proper selection of an ampli- | *Kether = 2.5 dB corresponds 1
fier power rating, and assuming that (9b) is made an equality 5 i to K =2.778 i
instead of an inequality, the four cases of (9b) can be put in the | |
form of a system of simultaneous equations to be solved for the | |
channel powers; in matrix form, we have E | |
_ D a - ° L A j
a—-1 -1 -N, —Kyat Mo | [Py b g
o i
-1 as — 1 —Np _Ktraf Maf P2 b n—c_: 7
= . =15,20,25%30dB |
-1 -1 as —Np —KtranOéf P3 b 5
I N,,=/-105 dBm, L= 125 dB |
| -1 -1 =N,  ay —Kyar Mas| |Py] 1b6 I Keime = 1, Kju = 0.5, Ny = 1, 042 0.4 |
(102) - p;=-150dB,p,=p;=6dB,p,=7dB -
0 111 | 11 1 1 I T - 111 | 111 |
where 0 10 20 30 40 50
0 2 (PG)j, i=1,2.3.4, (10b) Number of active users, M
pi Ki Fig. 2. Py vs. M for Kogner = 1.5, 2.0, 2.5, 3.0dB and M(dB) = 0,
and ;vm_:() Z105d_}3211, 51217}13 :‘12_&1}3,_1(;3%e =1 I;C;Ef =0.5 N, =1,
£ =04, p1 = » p2 = p3 = 6dB, pg = 7dB.
NplLr (R
= %() > 0. (10c)
f

) o ] ~channels in terms of the processing gain of each channel. This
We now consider a generalization of these equations to inclyd@ans that the channel power requirements are interdependent.
margins. A margin M (dB) for channel category may be in- ngte also that each channel power is a function of the number
cluded in the analysis by stipulating that the SNRs (in dB) ext active users\z, which implies that ideally the forward link
ceed their “required” values by some amount, resulting in thg,yers must be controlled in real time (dynamic power alloca-
new SNR requirements given by tion) by using feedback involving all the parameters indicated in
. A . the denominators of the equations.
pj (dB) = p; (dB) + M; (dB),  j=1,2,3, 4, (112) Because the forward link transmitter power for each of the
or four channel types varies by the same proportion for fixed SNR
requirements, the general behavior of the power solutions can
pi & pj - 10MI@B/10 =1 2 3,4, (11b) be observed using calculations of just the pilot channel trans-
mitter power, P =Pyio. For convenience, we assume that the
Thus, the quantities; , a2, a3, anda, defined above now be- same margin is used on each channel. That is, we assume that
come, for the general case including margins: M; (dB) in (11a) equals NUB) for all the channels.

a = . (PO); — (PG)J', j=1,2, 3, 4. (11c)  Letus now observe the functional behavior gf\Rersus)/.
T 10MiEB) /10, Kyl Ky Assuming Kame = 1, the total interference factor isK=
) ) ) 1+Kother In Fig. 2, we show pilot power as a function of the
Using the parameterga; } in (10a) in place of the{a;}, the humber of active userd/, with Koger varied fromi.5 to 3.0 dB
solutions for the four channel transmitter powers are [9], [10] steps 0f0.5 dB, assuming zero margin and the following pa-
P, (Kr, M; (dB)) rameter valuesi,, = ~105 dBr_n_,2 Ly = 125dB, Kyat = 0.5,
ST N, = 1, anday = 0.4, in addition to the SNR requirements

!

_ N pj L7 (R) /(PG) shown in Table 1. From (8), the assumed value of transmis-
_ , ph Pl ey 1’ sion loss is equivalent to a propagation loss of ali36tdB if
T=Ke i+ (PG), +NP(PG)3 + Ktr"j‘f]\/[O‘f(ID(;)4 it is assumed thatd. = 2dB, Lin = 3dB, G. = 14.1dB,

j=1,2,3,4 and G,, = 2.1dB [11]; in turn, a propagation loss @86 dB is
Y '( ' ) equivalent to a cellular radius @fto 3km at cellular frequen-
cies andl to 2 km at PCS frequencies [12]. We see in this figure

Note from these equations that the solution for each channel;sThiS noise is based on & bandwidthie — 1.2288 MHz, ans dB noise fig-

required power is a function of not only the SNR requiremen;% (NF), and an operating temperaturélof= 203 ° K, s0 thatNy, = kTFIV,
for all the channels, but also the data rates of all the forward linkh Boltzmann's constant = 1.38 x 10~ 23 J/Hz/deg and & 10NF/10,
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30 T T 1T L T 17T TT 17T T TJ7 T 1T
- M=30| M=25 M=20 . [ P _ o/ (PO);
25 | ] Protal , ,0‘,2 pé pil ’
N, Kirar M orf ————
i ] "t ee, T, T Rg),
I ] j=1,2, 3, 4.
20 (13a)

e .
% L ] When the margins are equal in all the channels (i.e.,
ﬁ;a 15 [ i M; (dB) =M(dB) for all j), then (13a) becomes
o - 4
g - /// M=is = pil (PG); ,
o ol i J o+ P2 +N, P3 + Kyat Moy P4 (13b)

— ] (PG), (PG), (PG),

i j=1, 2,3, 4,

N,, = -105 dBm| L, = 125 dB
Ky = 2.778, Kyo = 0.5, Nj = 1, 04 = 0.4 -
p1=-15dB, p, = ps=6dB, p, 57 dB |

which is independent of the margin. Also note that the fractions
do not depend on the interference factgrak on the transmis-
sion loss ly (R), although the amount of power is very sensitive
to these parameters. The fraction for a particular channel is pri-
marily a function of the number of active usevs, although it

T T 7T Tl\

0 Lot
0 0.5 1.0 15 2.0 2.5 3.0

I Y A

Receiver margin, dB

Fig. 3. Py vs. M(dB) for M = 15, 20, 25, and 30 and N,, = —105dBm,
Ly = 125dB, K¢ = 2.778, Kgpar = 0.5, Ny = 1, ag = 0.4, p; =
—15dB, p2 = p3 = 6dB, ps = 7dB.

is also a function of the number of paging chann¥]s Note
that the fraction of transmitter power allocated to the pilot or
any other channel is not fixed but is inversely proportional to
M ; however, the pilot power itself increases withi, as seen

from the form of (12).

) _ _ Ill. RELATION BETWEEN TRANSMITTER AND
that the transmitter power increases with the amount of other-

. . : RECEIVER MARGINS
cell interference, as indexed by#e, and that there is a value hat f link chanri h .
of M at which the required pilot power goes to infinity. For -6t us assume that forward link channehas the receiver

example, when Kner = 2.5dB, a typical value [9], the pilot margin requirement M(dB), and let the margin at the receiver

power required to meet system requirements increases with{f(i@ channelin absolute units (not dB) be denoteil by where
limit as M approaches89; thus, the effective capacity for this

case is at most/ = 39. For a system that is not heavily loaded M; (dB) = 101og,oTy; (K1), j=1,2,3,4, (142)
(M < 25), the sensitivity of P to Keher Can be characterized oy

as follows: a half-dB increase inder requires at most a half-

dB increase in P, that is, the required increase in pilot power in T, (Kg) £ 10Mi@B/10 =1 2 3,4, (14b)

this instance is less than an increase in the other-cell interference ) S
factor. and the argument#n T',.; (K¢) is a notation indicating that the

margin depends on interference conditions. Now, let a transmit-

Fig. 3 shows the required pilot power as a function of th@r “margin” or excess power ratio for channetorresponding
receiver margin, NdB), for M = 15, 20, 25, and30, and the g the receiver margin, be defined as

same values of K Kyar, Ny, o, p1, p2, p3, andps asin Fig. 2. It
is important to note from the figure that, for a given user capac- a P; (K, M; (dB))
ity, there is a limit for the system reliability that can be achieved "/ (Ko = P; (Ki =0, M; (dB) = 0)’
because one cannot increase margin arbitrarily for higher reli- o ) ) )
ability. For example, fol/ = 30 users, the system reliability The quantity in (15a) is the amount by Wh.ICh the _transmltter
cannot be increased by having a margin greater thet which  POWer for the .channel must bg increased either to mplemer_n a
is the limit on the margin for a user capacity bf = 30. The [€ceiver margin, to overcome mterferencg, or both. Substituting
same observation can be for the case of other capacity requffétt): (13, and (14a) in (15a), we can write (15b) shown at the
ments, as shown in Fig. 3. bottom of the next page. If the receiver margins are all equal to
I',; = Ty, then from (15b) we observe that all the transmitter
margins are equal B;; = I';, and solving (15b) for the receiver
margin results in the expression (16) shown at the bottom of the
next page.

Itis evident from (15b) and (16) that, in general, the transmit-
ter margin must exceed the desired receiver margin, but when
K¢ = 0 (no interference), they are equal. This fact is illustrated

j=1,2,3,4. (15a)

E. Channel Powers as Fractions of Total Power

The fraction of allocated poweg;, for channel category, is
given by
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Transmitter power (dBm) Receiver median SNR (dB) 6 L F I —— T T —TT
4 A K = 2.778| Ky = 0.5, ¢ = 0.45, N, |= 1
PUKDT ~ P1=-15d$, Pa=ps=6dB, p,= dB/
\\Of/'/” 5 ”
\\eZe,\e - ,=0:T, % I,
M{(K) \\(/21 9 I \ M=5 i
\\ ‘/,
N m 4
A o
PO+ ————————————— — — » —-SNR c
£0) For no interference (K¢ =0) med P = y i
k=)
M0) M(dB) T 3
E 5
Pro‘— - T > _—SNRreq 9 - N
For no interference (K¢ = 0) -QZJ /
[&]
&3 2 20
Fig. 4. Relationship between transmitter and receiver margins, without — |
interference (K¢ = 0) and with interference (K¢ > 0). - / .
25
1 [ —
qualitatively in Fig. 4. Calculations of (16) are plotted in Fig. | //EL
5 for the parameter values used in the previous figures (except : /
= 0.45) and forM = 5 to 30 in steps of5. We see in 0 A e
Fig. 5 that some values of receiver margin for given reliability 0 5 10 15 20
requirements may be unattainable no matter how much trans- Transmitter margin in dB

mitter power is used, depending dfi. The amount of receiver _
ded to attain a specified link reliability is found Iﬁ . 5. Receiver margin vs. transmitter margin for M=5, 10, 15, 20, 25,
margin neede p y and 30 and N,, = —105dBm, K¢ = 2.778, Kgpar = 0.5, N, = 1,
Section IV. af = 0.45, p1 = —15dB, p2 = p3 = 6dB, ps = 7dB.
The required amount of forward link power, as expressed in
(12) and observed in Figs. 2 and 3, “blows up” at some value
of M because each channel’s power has a singularif\/ e-

proaches some value. This behavior can be interpreted as a Iim“;G)4 10-M(dB)/10 W/R, 1 1 1

to the forward link user capacity. In practice, the transmitter K Koo = (Es/Nox) KK T
power is limited to Rax, as expressed in the constraint given F Puraf OF P4 b/7R0T Jreq O T Rural "

in (9a). Substituting (12) in (9a) and assuming each channel (17¢)

has the same margin leads to an upper bound/otinat can be

h -limi i Prmax):
termed thepower-limited capacitydenoted!/ (Prax) We observe from (17c) that the forward link capacity is inversely

» (PG, 10~M(dB)/10 proportional to the receiver margin—any increase in margin for
M < M (Pnay) = j I S _ )
Kuat ot pa | Ki + NpnL1/Prax (17a) increasing link reliability has the cost of reducing user capacity.
a
o1 — P2 _N, p3 In Fig. 6 we plotM,, and M (Pynax = 1 W) as functions of
! (PG, Y (PG), the margin in dB, with the specific parameter assumptions used
For no limit to the power (Rax — o0), this bound becomes thepreylously. The figure sh.ows that the capacity is inversely pro-
. - portional to the forward link power control factor/ and de-
inequality . . L
creases rather quickly as the receiver margin increases. Note that
» (PG 10—M(dB)/10 the capacity decreases to one-half of its value for zero margin
M < M, = L
T Kyaf @f pa Ks when the margin is abo@ 5 dB. Fig. 6 also demonstrates the
o p (17b) sensitivity of the power solutions to the assumed value gf,K
—p1 — PG, - N, (Pé) } just as Fig. 2 showed the effect of variations in the assumed

value of Kyher In [9], methods are discussed for implement-
in which M, denotes théorward link asymptotic capacityln  ing forward link power solutions using measurements instead of
view of (14a), we note that the first term df ., can be written such assumptions.

T, (Ki) .

Ty (Ke) = g ., j=1,2,3, 4. 15b

1 (K0) LK [ Koy pr 4 200 o T Rilps T (Ko s ! (150)
nERRTPe, T (P, (PG,

Iy (ki) = e (16)

+ N, Ps + Kiraf M otf———

1+ K¢ Ty (Ky) [pl + G P (PG,

(F’G) ]
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O =g [T ] receiver location. We analyze the case of identical fluctuations
. 1 L“‘“":T M in propagation losses experienced by same-cell and other-cell
H max 1 interference.
- "\ Kyg=0.3,04,05,06

&0 A. Same Other-Cell Fluctuations

We assume for this case that the shadowing experienced by
the other-cell interference is modeled by the same random com-
40 e S ponent of the propagation loss. In terms of the loss, the reliabil-

h ity then can be written

Asymptotic and power-limited capacities

N Pj(PG)j/Pj — Kt Ptotal}
. Prel (.7) Pr {LT (R) < Nm ’ (19)
I j=1,2,3, 4.
i ] The expression in (19) is based on the fact that, unlike on the re-
20 B S N verse link (on which each channel has a different random prop-
- ] agation loss), the forward link channel powers arriving at a par-
- Ki=3778, Ny=1, 04504 ] ticular mobile’s location all have precisely the same propagation
| P1=715dB,p,=p;=6dB,ps=7dB| "] loss, since there are transmitted simultaneously on the same RF
10 B b e e carrier. Note in (18) that if the thermal noise ter¥, is ne-
o 05 10 a5 2025 30 glected, the received SNR does not depend eriR). How-
Receiver margin, dB ever, if the interference term;KP1a/L7 (R) is neglected, the
' ) . _ o received SNR is directly proportional to the inverse of (R).
Fig. 6. Forward fink powerimited and asymptotic capacities vs. fade The general case is between these two extremes, so that the size
margin, for K¢.or = 0.3, 0.4, 0.5, and 0.6 and N,,, = —105dBm, !
Ki = 2.778, Kirar = 0.5, Np = 1, ay = 0.4, p1 = —15dB, p» = Of the fluctuations in the SNR is generally smaller than the fluc-
p3 = 6dB, pg = 7dB, and Pmax = 1W. tuations in the loss.

For a lognormal propagation loss as modeled in (1a), the
net transmission loss to the cell edge can be expressed as

IV. FORWARD LINK RELIABILITY AS A FUNCTION L7 (dB) =L7meq (dB) 4+ 045G(0, 1). In absolute units, we
OF MARGIN may write
In (2a) we expressed the reliability of thi¢h forward link Ly (R) = 10(LTmea(dB)+045G(0,1))/10
channel as the probability that the received SNR at a mobile 6(0,1)/10 (20)
near the cell edge exceeds the SNR requirement for that channel. = (L7 (R)),peq - 1072610 D10,

Substituting the channel power solutions into the expression @Lﬁbstituting (20) in (19) leads to the result (21a) shown at the

(SNR)J" we obtain bottom of the page. If we assume that the net loss in the power
solutions (12) is the median value of that loss, we have

Prel (])
P, /Lt (R) i Pj =
£P NR); = ! /
P OB = R K Pow/Lr @)~ PGy S P N Ty (L1 (R)) e /(PG |
j=1,2,3,4, 1-KT P2 4N, 4 Kias Mag 22
fLlr |p1+ PO, + » (PG, + Kiraf af(PG)4
in which the random variable is the net link loss; (R). Note (21b)

that, unlike in (2c), we now include multiple-access imerfe%ubstituting (21b) and (9a) into (21a), we obtain

ence in the SNR expression. Since we are modeling same-cell

and other-cell interference as a factor times the received forwar@rel — Pr {G (0,1) < My, (dB) } —1-Q (ML (dB)>
link power, the propagation loss affects the interference as well 0dB OdB

as the signal. With regard to fluctuations in that loss, it is rea- (22)
sonable to assume that the same-cell interference is SUbjertvﬁ%
the same fluctuations, while the fluctuations in the propagati[w
loss experienced by the other-cell interference may be different”

although correlated because the transmissions share the same My, (dB) £ 10log,, Tz, (23a)

re Qz) is the Gaussian Q-function and the quantity
(dB), a “loss margin,” is given by

P, (j) = Pr {(LT (R)),0q - 1072560, 1)/10 P; (PG)]- /pj — Ks Ptotal}

N,

10 P; (PG). /pj — Kt Ptotal) }
=Pr{G(0,1) < —1lo J , j=1,2,3,4.
r{ ©.1) cap 00 < N (L7 (R)) ppea g

(21a)
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0.9 0.9 ! /
0.8 0.8 f / / /
0.7 0.7 / / /
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R A
x 06 < 0.6
5 O =8 5
- 0.5 0.5
©
5 )< 5 M=5,10, 15, 20, 25, 30
g o4 Z o4
L M=5, 10, 15, 20, 25, 30 L / Sa
0.3 0.3
/ Oy =8
0.2 0.2
K = 2.778, N, =1, oy = 0.45 K +2.778,N, =|1, oy = 0.45
0.1 0.1
p;=-15dB,p,=p3;=6dB, p,=7dB py=-15dB,p,=p;=6dB, p,=7dB
O ) I I — | S — I I O L | | L
0 5 10 15 20 D 0 o 4 5
Transmitter margin in dB Receiver margin in dB
Fig. 7. Forward link reliability vs. transmitter margin for M=5, 10, 15, Fig. 8. Forward link reliability vs. receiver margin for M=5, 10, 15, 20,
20, 25, and 30 and K¢y = 2.778, Kipar = 0.5, Np =1, af = 0.45, 25, and 30 and Ky = 2.778, Kipar = 0.5, Np = 1, af = 0.45,
p1 = —15dB, p2 = p3 = 6dB, p4 = 7dB. p1 = —15dB, ps = p3 = 6dB, ps = 7dB.
where B. Numerical Results for Margins
T = What then, is the margin needed to accomplish a specific
P2 Ps3 P4 value of link reliability? Fig. 7 shows’,..; as a function of
I, — KD + + N, + KyatM ag——— . o . et
ro R [m (PG), P(Pg, M (PG, the transmitter margin in dB units, assuming that the standard
P2 p3 4 deviation of the loss in dB units is;g = 8. We observe in
1=Kl |p1 + ®0, N”—(PG)3 + Ktranaf—(PG)4 the figure that when the number of active users increases from
ST M = 5to M = 30, a50% link reliability would requires a trans-
.

mitter margin increase frorh.5 dB t0 9.0 dB, while a90% link
(23b) reliability requires a transmitter margin increase fradin5 dB

Note that when the margins are assumed to be the samelfo}9-3 dB. A plot of the reliability as a function of the receiver
all channels, they all have the same reliability, so the indix margin in dB is given in Fig. 8; it is interesting to note from Fig.
omitted in (22). When the expression fBf in (16) is substi- 7 and Fig. 8 that, for a link reliability greater tha@%, transmit-
tuted in (23b), we obtailr;, in terms of the transmitter margin, €7 margins that are increasing witti correspond talecreasing

T, receiver margins for increasing . The receiver margins are de-
creasing withM because the cochannel interference increases
rp = with M.
I {1 — Ky <Pl + 2 N, iy Ktranafp—4)]
(PG, = "(PG) (PG, V. CONCLUSION
<Te (24a) In this paper, we have presented the solutions for the mini-
mum CDMA forward link transmitter powers for the specified
Note that channel bit error rate performance of each channel category for
maximizing user capacity, in conjunction with fade margin re-
I <T'p <Ty, (24b)  quirements for achieving a specified level of link reliability. Our

solutions provide the minimum interference power levels from
each base station transmitter to users, not only in the same cell,
but also in other adjacent cells. It is shown that the maximum
T, < Ty = 10Me(@B)/10 — 1oadB.Q*1(1_p,e,)/1o, (25) capacity is inversely proportional to the margins that are used to
increase link reliability. Optimum selections for the parameters

so that the achievable link reliability is not as severely limiteith terms of transmitter powers, link reliability, and achievable
as it seemed from the limitation on receiver margin shown preser capacity can be found from the equations and graphical re-
viously in Fig. 5. sults provided in the paper, which are plots of the general solu-

which indicates that the receiver mardin for achieving a par-
ticular value of link reliability is less than the loss margin,
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